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ABSTRACT 24 

Cytochrome P450 (CYP) monooxygenases play critical roles in determining the toxicity of 25 

polychlorinated biphenyls (PCBs) in mammals. Hydroxylation of PCBs by these enzymes leads to 26 

increased water solubility, promoting the elimination of PCBs from the body. The CYP1 family is 27 

mainly responsible for metabolizing PCBs that exhibit a dioxin-like toxicity. Although the dioxin-28 

like PCB 3,3′,4,4′-tetrachlorobiphenyl (CB77) is abundant in the environment and accumulates in 29 

organisms, information on CB77 metabolism by CYP1A1s is limited. In this study, recombinant 30 

rat CYP1A1 metabolized CB77 to 4′-hydroxy (OH)-3,3′,4,5′-tetrachlorobiphenyl (CB79) and 4′-31 

OH-3,3′,4-trichlorobiphenyl (CB35), whereas human CYP1A1 produced only 4′-OH-CB79. Rat 32 

CYP1A1 exhibited much higher metabolizing activity than human CYP1A1 because CB77 was 33 

stably accommodated in the substrate-binding cavity of rat CYP1A1 and was close to its heme. In 34 

a rat CYP1A1 mutant with two human-type amino acids, the production of 4′-OH-CB79 decreased, 35 

whereas that of the dechlorinated metabolite 4′-OH-CB35 increased. These results are explained 36 

by a shift in the CB77 positions toward the heme. This study provides insight into the development 37 

of enzymes with high metabolizing activity and clarifies the structural basis of PCB metabolism, 38 

as dechlorination contributes to a drastic decrease in dioxin-like toxicity. 39 

 40 

KEYWORDS: cytochrome P450 monooxygenase, dechlorination, dioxin-like polychlorinated 41 

biphenyl, docking model, hydroxylation, 3,3′,4,4′-tetrachlorobiphenyl 42 

 43 

 44 



 3 

1. Introduction 45 

Cytochrome P450 (P450 or CYP) monooxygenases are heme proteins widely distributed in 46 

microorganisms, plants, and animals. They play an important role in the oxidative reactions 47 

involved in the biosynthesis of endogenous compounds and the xenobiotic metabolism of 48 

hydrophobic compounds. Particularly, the mammalian CYP1–3 families are involved in 49 

metabolizing xenobiotics such as pesticides and environmental pollutants (Inui et al., 2001). The 50 

substrate-binding cavity is situated in the P450 enzyme, and the heme iron, located at the cavity’s 51 

bottom, activates an oxygen molecule using electrons from NADPH. The substrate-binding 52 

cavities of P450 enzymes can accommodate various chemicals with different structures and use 53 

them as substrates. Therefore, one P450 species can oxidize multiple types of xenobiotics. 54 

Polychlorinated biphenyls (PCBs) are chemically stable and thus are widely used in 55 

commercial products such as transformers and condensers. However, because of their extremely 56 

hydrophobic and persistent chemical properties, PCBs released into the environment accumulate 57 

in apex predators through food chains. Accumulation of high levels of PCBs in animals causes 58 

adverse effects, including carcinogenicity and teratogenicity. Therefore, PCBs have been 59 

registered as persistent organic pollutants (http://www.pops.int). Although there are theoretically 60 

209 PCB congeners, 12 PCBs with a planar structure have dioxin-like toxicity. These 12 congeners 61 

are known as dioxin-like PCBs and have toxic equivalency factor (TEF) values reflecting the 62 

extent of their toxicity (Van den Berg et al., 2006). Therefore, the metabolic fate of dioxin-like 63 

PCBs should be clarified to determine their toxicity. 64 

An important step in PCB metabolism is oxidation by P450 species in the Phase I reaction. 65 

Dioxin-like PCBs are metabolized to hydroxylated (OH) metabolites by the CYP1A and CYP2B 66 

http://www.pops.int/
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subfamilies (Yamazaki et al., 2011; Mise et al., 2016). The non-ortho-substituted PCB, 3,3′,4,4′,5-67 

pentachlorobiphenyl (CB126), which exhibits the highest dioxin-like toxicity among PCB 68 

congeners, is metabolized by rat CYP1A1 to OH-metabolites (Yamazaki et al., 2011). In contrast, 69 

human CYP2B6 metabolizes mono-ortho substituted PCB, 2,3′,4,4′,5-pentachlorobiphenyl 70 

(CB118) to OH-metabolites (Mise et al., 2016). Hydroxylation of PCBs contributes to 71 

detoxification by increasing their sensitivity to further detoxifying systems, such as conjugation in 72 

Phase II reactions (Yoshimura et al., 1987; Haraguchi et al., 1997). Dechlorinated OH-tetrachloro-73 

metabolites of CB126 and CB118 are produced concomitantly with OH-pentachloro-metabolites, 74 

and dechlorination greatly decreases dioxin-like toxicity by increasing water solubility. Compared 75 

to human CYP1A1, rat CYP1A1 exhibited higher metabolizing activity toward CB126, suggesting 76 

that humans are more sensitive than rats to CB126 toxicity. In contrast, CB118 was metabolized 77 

to a greater extent by human CYP2B6 than by rat CYP1A1 and CYP2B1. These results indicate 78 

the difficulty in extrapolating metabolic data using experimental animals for human risk evaluation. 79 

Therefore, in vitro studies are needed to compare the metabolizing activities of rat and human 80 

P450 enzymes. 81 

3,3′,4,4′-Tetrachlorobiphenyl (CB77) is relatively abundant in the environment and eventually 82 

accumulates in organisms (Nunes et al., 2011). The CB77 metabolites, 4′-OH-3,3′,4,5′-83 

tetrachlorobiphenyl (CB79) and 5-OH-CB77, were detected in the feces of CB77-administered 84 

rats (Yoshimura et al., 1987). P450 species inducibly produced in hepatic microsomes prepared 85 

from rats administered with the typical CYP1A inducer 3-methylcholanthrene (MC) increased the 86 

levels of these CB77 metabolites (Ishida et al., 1991). This result suggests that CYP1A is 87 

responsible for CB77 metabolism in rats. Furthermore, metabolism studies using scup (White et 88 

al., 1997), channel catfish (Doi et al., 2006), chick embryos (Klasson Wehler et al., 1990), and 89 
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beluga and pilot whales (White et al., 1997) revealed other CB77 metabolites such as 2-OH-CB77 90 

and 6-OH-CB79. These studies indicate that PCB metabolites differ depending on the species. 91 

However, information regarding CB77 metabolism by human CYP1A1 is limited. 92 

In this study, the metabolic activities of recombinant rat and human CYP1A1s toward CB77 93 

were measured, and their differences in CB77 metabolism were clarified by comparing their 3D 94 

structures and docking models with CB77. Rat and human CYP1A1s have a high amino acid 95 

identity (79%) and similar 3D structures (Yamazaki et al., 2011). Thus, amino acids responsible 96 

for the differences in the metabolic activities of CB77 between rat and human CYP1A1s can be 97 

identified. 98 

 99 

2. Materials and methods 100 

2.1. Chemicals and reagents 101 

Microsomes from insect cells expressing rat or human CYP1A1 and rat or human NADPH-102 

cytochrome P450 oxidoreductase genes were purchased from BD Biosciences (San Jose, CA, 103 

USA). CB77 (AccuStandard, New Haven, CT, USA) was dissolved in dimethyl sulfoxide (DMSO) 104 

to a final concentration of 2,000 µg/mL. A 13C-Labeled OH-PCB mixture, used as the internal 105 

standard, and [13C12]-2,3′,4′,5-tetrachlorobiphenyl, used as the syringe spike, were purchased from 106 

Wellington Laboratories (Ontario, Canada). 107 

2.2. Measurement of catalytic activities of rat and human CYP1A1s and their mutants toward 108 

CB77 109 
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The reaction mixtures contained CB77 at a final DMSO concentration of 0.1% (v/v), 110 

microsomes containing 80 nM of either rat or human CYP1A1, 3.3 mM magnesium chloride, and 111 

an NADPH regeneration system (5 mM glucose-6-phosphate and 1 U of glucose-6-phosphate 112 

dehydrogenase) in 100 mM potassium phosphate buffer at pH 7.4. This mixture was allowed to 113 

react for 2 h at 37 °C following the addition of NADPH at a final concentration of 0.5 mM. After 114 

adding 10 µL of 100 ng/mL 13C-labeled OH-PCB mixture as an internal standard, the metabolites 115 

were extracted with four volumes of hexane and methylated as described previously (Sakiyama et 116 

al., 2007). OH-PCBs were identified and quantified using a high-resolution gas chromatography-117 

mass spectrometer (HRGC/HRMS) under previously described conditions (Goto et al., 2018). The 118 

catalytic activities of rat and human CYP1A1s and their mutants produced in the microsomal 119 

fractions of recombinant Saccharomyces cerevisiae toward CB77 were also measured. 120 

2.3. Construction of rat and human CYP1A1 mutants 121 

Rat and human CYP1A1 genes in pUC18 were transferred into the Escherichia coli strain 122 

JM109. Site-directed mutagenesis was performed using the QuikChange Multi Site-Directed 123 

Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) with primers containing T946C 124 

and G358T mutations for rat CYP1A1 and G936T, A346G, and G347C mutations for human 125 

CYP1A1 (Table S1). These mutations were confirmed using DNA sequencing. Rat and human 126 

CYP1A1 mutant coding sequences were inserted at the HindIII sites of the pGYR expression 127 

plasmid containing yeast NADPH–cytochrome P450 oxidoreductase (YR) genes, resulting in the 128 

pGYR/r1A1mutant and pGYR/h1A1mutant, respectively. Plasmids containing cDNAs of wild-129 

type rats and human CYP1A1s were also constructed and introduced into the S. cerevisiae AH22 130 

strain using a one-step yeast transformation method (Chen et al., 1992). 131 
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2.4. Preparation of microsomal fractions from recombinant S. cerevisiae 132 

Recombinant S. cerevisiae AH22/pGYRr1A1, AH22/pGYRr1A1mutant, AH22/pGYRh1A1, 133 

and AH22/pGYRh1A1mutant cells expressing rat CYP1A1, rat CYP1A1 mutant, human CYP1A1, 134 

and human CYP1A1 mutant, respectively, as well as YR genes were pre-cultured in synthetic 135 

minimum medium containing 8% (w/v) glucose, 0.67% (w/v) yeast nitrogen base without amino 136 

acids, and 160 mg/L L-histidine for 20 h at 30 °C. The culture was then transferred to medium 137 

containing 8% (w/v) glucose, 1% (w/v) yeast extract, 2% (w/v) peptone, and 40 mg/L adenine 138 

sulfate and incubated for 20 h at 30 °C. Microsomal fractions were prepared as previously 139 

described (Oeda et al., 1985). Protein concentrations were measured using the Bradford method 140 

(Bradford, 1976) with bovine serum albumin as the standard. The amounts of P450s in the 141 

microsomal fractions were determined from the reduced CO difference spectra (Omura and Sato, 142 

1964). The levels of rat and human CYP1A1s and rat and human CYP1A1 mutants in the 143 

microsomes were 110, 24.2, 15.8, and 7.61 pmol/mg microsomal protein, respectively (Table S2). 144 

2.5. Measurement of 7-ethoxycoumalin O-deethylation activity of CYP1A1s 145 

The 7-ethoxycoumalin O-deethylation (ECOD) activities of rat and human CYP1A1s and 146 

their mutants in the yeast microsomal fractions were measured. The reaction mixture (0.5 mL) 147 

contained 0.26 mM 7-ethoxycoumarin dissolved in 60% (v/v) methanol; microsomes containing 148 

80 nM of either rat, human CYP1A1, or their mutants; and an NADPH regeneration system in 100 149 

mM potassium phosphate buffer at pH 7.4. The reaction was initiated by adding NADPH at a final 150 

concentration of 0.5 mM. After incubation for 1 h at 37 °C and the addition of 30% (v/v) 151 

trichloroacetic acid, the reactants were vortexed and centrifuged at 2,000 rpm for 5 min at 4 °C. 152 

The supernatant (400 µL) was separated and mixed with a 2-fold volume of chloroform. The 153 
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organic phase (500 µL) was collected and mixed with 1 mL of 0.01 M sodium hydroxide and 0.1 154 

M sodium chloride. After centrifugation at 12,000 rpm for 5 min at 4 °C, the supernatant was 155 

collected, and fluorescence was measured at excitation and emission wavelengths of 366 and 452 156 

nm, respectively. 157 

2.6. Homology modeling and substrate docking 158 

In previous studies, a 3D model of human CYP1A1 was constructed based on the X-ray crystal 159 

structure of human CYP1A2 (Sansen et al., 2007; Itoh et al., 2010), and then a 3D model of rat 160 

CYP1A1 based on the human CYP1A1 model was constructed (Yamazaki et al., 2011). Models 161 

of the rat and human CYP1A1 mutants based on the rat and human CYP1A1 models, respectively, 162 

were constructed using the “Mutate monomers” tool in SYBYL Biopolymer (Tripos, St Louis, 163 

MO, USA). 164 

Docking was performed using Surflex Dock in SYBYL 8.0 (Tripos), as previously described 165 

(Yamazaki et al., 2011). Human and rat CYP1A1 models and their mutants were used as the CYP 166 

protein structure. Diverse substrate structure orientations for rat and human CYP1A1s, their 167 

mutants, and selected substrate structures with the top 25 ranked candidates based on the weighted 168 

sum of the scoring functions were obtained. 169 

 170 

3. Results and discussion 171 

3.1. Catalytic activity of rat and human CYP1A1s toward CB77 172 

Chromatographic peaks corresponding to methylated mono-OH tetrachlorobiphenyl M1 and 173 

methylated mono-OH trichlorobiphenyl M2 increased in intensity when microsomes containing 174 
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rat CYP1A1s in the presence of NAPDH were analyzed (Fig. 1C–F). In contrast, only M1 was 175 

detected in an NADPH-dependent manner when microsomes containing human CYP1A1 were 176 

used (Fig. 1G–J). Control microsomes that did not contain any CYP1A1 showed no peaks (Fig. 177 

S1). The pattern of retention times of M1 and M2 were identical to those of the authentic standard 178 

S1, which is 5-MeO-2,3′,4,4′-tetrachlorobiphenyl (CB66) or 4′-MeO-CB79, and S2, which is 4′-179 

MeO-3,3′,4-trichlorobiphenyl (CB35) (Fig. 1A–D, G, H). These M1 and M2 peaks also matched 180 

the isotope ratios ([M]+:[M+2]+) of the authentic standards S1 and S2, indicating that the peaks 181 

were from tetra- and trichlorinated compounds, respectively (Fig. S2). In addition, the patterns of 182 

fragment ions in the mass spectrum were examined to determine the position of the OH-group on 183 

the biphenyl ring (Fig. S3). The upper [M-CH3Cl]+ and lower [M-COCH3]+ peaks indicated that 184 

the substituted OH-group was at the ortho- and meta- or para-positions, respectively (Kunisue and 185 

Tanabe, 2009). The M1 peak was observed in both [M-CH3Cl]+ and [M-COCH3]+ with the same 186 

intensity, indicating that M1 could have an OH-group in all positions, and the M2 peak was 187 

observed in [M-COCH3]+, indicating that M2 had an OH-group in the meta- or para-position. A 188 

comparison of the retention times of the authentic standards and isotope ratios indicated that M1 189 

was 5-OH-CB66 or 4′-OH-CB79. Considering previous studies of CB77 metabolism (Ishida et al., 190 

1991; Murk et al., 1994; Morse et al., 1995), we predicted that M1 is 4′-OH-CB79, produced by 191 

hydroxylation of the 4-position in the biphenyl ring through the epoxide intermediate followed by 192 

migration of a chlorine atom caused by an NIH shift from the 4- to the 5-position (Gordon et al., 193 

1967). This prediction is reasonable because it is unlikely that 5-OH-CB66 is produced by 194 

hydroxylation at the 5-position followed by migration of a chlorine atom from the 3- to 2-position. 195 

In contrast, M2 was identified as 4′-OH-CB35 by hydroxylation and dechlorination of the 4-196 

position through electrophilic substitution (Hackett et al., 2007). 197 
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 198 

Fig. 1. Detection of tetrachlorobiphenyl (C, E, G, I) and trichlorobiphenyl (D, F, H, J) metabolites 199 

from 3,3′,4,4′-tetrachlorobiphenyl (CB77) reacted with rat (C–F) and human (G–J) CYP1A1s by 200 

high-resolution gas chromatography/high-resolution mass spectrometry. A and B, peak S1, 5-201 

MeO-2,3′,4,4′- or 4′-MeO-3,3′,4,5′-tetrachlorobiphenyl; peak S2, 4′-MeO-3,3′,4-trichlorobiphenyl. 202 

C and D, rat CYP1A1 with NADPH. E and F, rat CYP1A1 without NADPH. G and H, human 203 
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CYP1A1 with NADPH. I and J, human CYP1A1 without NADPH. The insets in G and I show the 204 

magnified graphs. 205 

Both peaks corresponding to M1 and M2 in the microsomes containing rat CYP1A1 were much 206 

larger than those containing human CYP1A1. The kinetic parameters of rat and human CYP1A1s 207 

for the production of 4′-OH-CB79 and 4′-OH-CB35 were determined using the Michaelis–Menten 208 

equation (Fig. S4A–C) and Lineweaver–Burk plot (Fig. S4D–F). The Vmax/Km of rat CYP1A1 209 

toward the production of 4′-OH-CB79 was >150-fold higher than that of human CYP1A1 (Table 210 

1). Similarly, the Vmax/Km of rat CYP1A1 toward the production of 4′-OH-CB35 was 2.68, whereas 211 

4′-OH-CB35 was not detected in human CYP1A1. These results indicate that rat CYP1A1 has 212 

much higher activity toward CB77 metabolism than human CYP1A1. Fig. 2 shows the proposed 213 

metabolic pathways for CB77 based on rat and human CYP1A1s. The OH-metabolites generated 214 

by the NIH shift and dechlorination were also detected in previous studies (Liu et al., 2020). The 215 

feces from intraperitoneally CB77-injected rats contained 5-OH-CB77 and 4′-OH-CB79 as major 216 

metabolites and 4′-OH-CB35 as a minor metabolite (Yoshimura et al., 1987; Koga et al., 1989). 217 

The livers of rats orally administered with CB77 contained a higher level of 4′-OH-CB79 218 

compared to the level of 5-OH-CB77 (Morse et al., 1995). In in vitro experiments using liver 219 

microsomes from rats treated with MC, 4′-OH-CB79 was detected as a major metabolite (Ishida 220 

et al., 1991). Another in vitro experiment using the CYP1A inducer β-naphthoflavone revealed the 221 

production of 4′-OH-CB79, 5-OH-CB77, and 6-OH-CB77 (Morse et al., 1995). These results 222 

strongly suggest that CYP1A1 is responsible for CB77 metabolism and that 4′-OH-CB79 is a 223 

primary metabolite. 224 
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 225 

Fig. 2. Proposed metabolic pathways of 3,3′,4,4′-tetrachlorobiphenyl (CB77) by rat and human 226 

CYP1A1s. M1 was predicted as 4′-OH-3,3′,4,5′-tetrachlorobiphenyl and M2 was identified as 4′-227 

OH-3,3′,4-trichlorobiphenyl. 228 

 229 

3.2. Docking studies of rat and human CYP1A1s with CB77 230 

The substrate-binding cavities of rat and human CYP1A1s were well-conserved except for four 231 

residues in rat (A120, T126, S225, and F316) and human (S116, S122, N221, and L312) CYP1A1s 232 

(Yamazaki et al., 2011). Two of the four residues (A120 and F316 in rat CYP1A1; S116 and L312 233 

in human CYP1A1) caused a large spatial structural change, resulting in a difference in the cavity 234 

volumes (510 Å3 in rat CYP1A1 and 600 Å3 in human CYP1A1). For CB126 metabolism, the 235 

smaller volume of the rat CYP1A1 cavity resulted in a more stable accommodation of CB126 236 

when compared with the human CYP1A1, resulting in the high metabolizing activity of rat 237 

CYP1A1 (Yamazaki et al., 2011).  238 
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Docking studies of rat and human CYP1A1s with CB77 were performed to understand their 239 

interaction. CB77 showed distinct orientations in each CYP1A1; the structures were classified into 240 

three and six orientations toward rat and human CYP1A1s, respectively (Fig. 3A, B). As rat 241 

CYP1A1 accommodates CB77 with fewer orientations than human CYP1A1, CB77 is stable in 242 

the substrate-binding cavity of rat CYP1A1, leading to high activity. Furthermore, all orientations 243 

in rat CYP1A1 were directed to the iron atom of heme, which is the active center of P450s. In 244 

contrast, human CYP1A1 accommodates CB77 in multiple orientations, and most of the 245 

orientations of CB77 in human CYP1A1 are distant from the heme iron. CB77 was less than 5 Å 246 

from the heme iron in eight and three conformations in rat and human CYP1A1, respectively (Fig. 247 

3C, D). Proximity is an important factor related to the high activity (Yamazaki et al., 2011), and a 248 

distance of 5 Å is sufficient for CB77 to react with CYP1A1s. These results indicate that rat 249 

CYP1A1 shows higher activity than human CYP1A1 because of the stable accommodation and 250 

proximity of CB77. Docking studies also provided insight into the hydroxylation position of CB77. 251 

The 4-position of CB77 accessed the heme, supporting that 4′-OH-CB79 and 4′-OH-CB35 were 252 

produced. 253 
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 254 

Fig. 3. Docking models of rat (A, C) and human (B, D) CYP1A1s with 3,3′,4,4′-255 

tetrachlorobiphenyl (CB77). The Connolly channel surfaces of the cavities are displayed using a 256 

colored mesh. A and B depict representative orientations of CB77 in the substrate-binding cavity 257 

of rat (three orientations) and human (six orientations) CYP1A1s; C and D depict the 258 

conformations of CB77 close to the heme iron (less than 5 Å) in rats (eight conformations) and 259 

human (three conformations) CYP1A1s. 260 

 261 

The dechlorinated OH-metabolite M2 was detected at much lower levels than the OH-262 

metabolite M1 (Fig. 1C, D). CB77 has a TEF value of 0.0001, indicating that dioxin-like toxicity 263 

is caused by CB77 accumulation in mammals (Van den Berg et al., 2006). However, no 264 

trichlorinated biphenyls showed a TEF value, suggesting that dechlorination of 265 
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tetrachlorobiphenyls eliminates dioxin-like toxicity. Thus, the mechanisms underlying the 266 

dechlorination of CB77 were evaluated using docking models. 267 

CB77 shows two conformations (conformations A and B, Fig. 4) in the substrate-binding cavity 268 

of rat CYP1A1 close to the heme. The 4- and 5- and the 3- and 4-positions of CB77 are directed 269 

to the oxygen atom of heme in conformations A and B, respectively. Because both the 4- and 5- 270 

positions of CB77 are equally close to the oxygen atom in conformation A, 4,5-epoxide is formed, 271 

resulting in an NIH shift of the chlorine group from the 4- to the 5-position. This reaction results 272 

in the formation of 4′-OH-CB79 (metabolite M1) and not 5′-OH-CB77. In contrast, the 3- and 4-273 

positions of CB77 are sufficiently close (<4 Å) to the oxygen atom to form epoxide (Fig. 4) (Hata 274 

et al., 2008). However, if epoxidation occurs, the final product cannot be a phenolic compound. 275 

Therefore, electrophilic substitution should be performed to form dechlorinated OH-metabolite 276 

M2. An electrophilic attack occurs at the 4-position of CB77 by the oxygen atom, resulting in the 277 

elimination of the chlorine atom (Hackett et al., 2007). However, it is difficult to show the 278 

advantages of conformation A, although more M1 than M2 is produced. To this end, there are two 279 

possibilities: first, steric hindrance between the chlorine group at the 3-position in conformation B 280 

and Thr126, which comprise the substrate-binding cavity; and second, the efficiency of 281 

epoxidation, which is much higher than that of electrophilic substitution. 282 
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 283 

Fig. 4. Proposed conformations of 3,3′,4,4′-tetrachlorobiphenyl (CB77) in the substrate-binding 284 

cavity of rat CYP1A1 to produce hydroxylated tetrachlorobiphenyl and hydroxylated 285 

trichlorobiphenyl metabolites. Conformations A and B of CB77 produced M1, predicted as 4′-OH-286 

3,3′,4,5′-tetrachlorobiphenyl, and M2, identified as 4′-OH-3,3′,4-trichlorobiphenyl. 287 

 288 

3.3. Measurement of metabolic activities of CYP1A1 mutants 289 

Two amino acids constituting the substrate-binding cavity of rat and human CYP1A1s play 290 

important roles in CB126 metabolism (Yamazaki et al., 2011). Therefore, the reciprocal mutations 291 

A120S and F319L were introduced in rat CYP1A1, and S116A and L312F were introduced in 292 
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human CYP1A1 to clarify the importance of these amino acids in CB77 metabolism. The mutated 293 

sites of CYP1A1 genes were confirmed using DNA sequencing (Fig. S5). After introducing 294 

plasmids containing each P450 into S. cerevisiae, the P450 content was determined from the 295 

reduced CO difference spectra in the microsomes. All microsomes showed absorption maxima at 296 

approximately 450 nm, but their contents varied among the P450s (Fig. S6 and Table S2). The 297 

P450 content of each mutant was lower than that of the wild-type, and the production of rat 298 

CYP1A1 was higher than that of human CYP1A1. Human CYP1A1 and its mutant were not stably 299 

produced in S. cerevisiae compared with rat CYP1A1 and its mutant. 300 

The ECOD activity of the microsomes containing rat CYP1A1 mutant decreased significantly 301 

by 10% compared with that of wild-type rat CYP1A1 (Table S2). In contrast, mutant human 302 

CYP1A1 showed significantly higher activity (2.4-fold) than wild-type human CYP1A1. 303 

Therefore, the two amino acids may be responsible for metabolic activity by changing the shape 304 

and volume of the substrate-binding cavity. 305 

Rat CYP1A1 mutant showed a decrease in hydroxylation activity to produce M1 at all tested 306 

concentrations of CB77 (Fig. S7A). The Vmax/Km in the mutant enzyme decreased by 307 

approximately 30% compared to that in the wild-type enzyme (Table 2). In contrast, the mutant 308 

enzyme showed higher production of M2, which is a dechlorinated OH-metabolite, compared to 309 

that of the wild-type enzyme (Fig. S7B). The activity of the mutant enzyme was 3.9-fold higher 310 

than that of the wild-type enzyme (Table 2). This result was unexpected because mutation of amino 311 

acids in rat CYP1A1 to a human CYP1A1 led to decreased ECOD activity and production of M1. 312 

In contrast, human CYP1A1 and its mutant showed no hydroxylation activity, possibly because 313 

two other amino acids, T126 and S225, which comprise the substrate-binding cavity of rat 314 

CYP1A1, are also important for CB77 metabolism. 315 
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3.4. Docking studies of rat and human CYP1A1 mutants with CB77 316 

CB77 in the substrate-binding cavity of rat and human CYP1A1 mutants showed five and four 317 

orientations, respectively (Fig. S8A, B). With these mutations, the cavity of rat CYP1A1 mutant 318 

was enlarged, and orientations not directed to the heme emerged (Fig. S8A). Concomitantly, the 319 

conformations of CB77 in the cavity were scattered (Fig. S8C), resulting in unstable 320 

accommodation of CB77 in the cavity and low metabolizing activities. In contrast, the cavity shape 321 

of the human CYP1A1 mutant was similar to that of the rat CYP1A1 wild-type after the 322 

introduction of F312, and most orientations were directed to the heme (Fig. 3A and Fig. S8B). As 323 

a result, the number of conformations close to the heme increased (Fig. S8D). As human CYP1A1 324 

mutant with mutations at S116A and L312F did not metabolize CB77, the mutant containing 325 

S122T and N221S will be used in further studies. 326 

The detailed mechanisms of the contrasting activities toward M1 and M2 production were 327 

examined in docking studies. In wild-type rat CYP1A1, the phenyl ring of F316 squeezes the 4- 328 

and 5-positions of CB77 close to the heme at distances of 4.9 and 4.8 Å, respectively, resulting in 329 

the production of M1 (Fig. S9A, CB77 shown in red). In contrast, the rat CYP1A1 mutant F316L 330 

without a phenyl ring cannot squeeze CB77, leading to a distance of 5.4 Å between the 5-position 331 

and heme (Fig. S9A, CB77 shown in blue), thereby conferring low hydroxylation activity towards 332 

CB77 with an NIH shift. Dechlorinated OH-metabolite M2 showed higher production in the 333 

mutant than in the wild-type; the bulky side-chain of F316 limits the conformation of CB77 334 

because of the vicinity (2.4 Å) of the chlorine group at the 3′-position of CB77 (Fig. S9B). In 335 

contrast, after introducing F316L, conformations without conflicts and whose 3- and 4-positions 336 

were close to the heme tended to increase, as described in two conformations of CB77 in blue 337 
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compared with one conformation in red. These effects led to an increase in the dechlorination 338 

activity of the mutant. 339 

 340 

4. Conclusions 341 

We predicted the structural basis of CB77 metabolism by rat and human CYP1A1s. We 342 

concluded that stable accommodation of CB77 in the substrate-binding cavity and the proximity 343 

of CB77 to heme are important for achieving efficient hydroxylation and dechlorination. Rat 344 

CYP1A1 showed much higher hydroxylation and dechlorination activities compared with human 345 

CYP1A1. These results are consistent with the metabolism of CB126 (Yamazaki et al., 2011) and 346 

suggest that humans have low metabolizing activities toward dioxin-like PCBs compared with rat 347 

CYP1A1. These PCBs have high TEF values among PCB congeners, indicating that they cause 348 

dioxin-like toxicity in human bodies. This suggests that humans are more sensitive to dioxin-like 349 

PCBs than experimental animals, such as rats. The underlying mechanisms were determined by 350 

identifying the amino acids responsible for CB77 metabolism. Detailed dechlorination 351 

mechanisms were proposed by constructing docking models; however, enhanced metabolic 352 

activity toward CB77 by the human CYP1A1 mutant was not observed. Further studies are needed 353 

to evaluate whether other amino acid mutations in the substrate-binding cavity of human CYP1A1 354 

can affect CB77 metabolism. Determining the dechlorination mechanisms will lead to the 355 

development of metabolizing enzymes that can drastically decrease dioxin-like toxicity 356 

(Yoshimura et al., 1987). A promising approach to utilizing such enzymes is phytoremediation. 357 

Several P450 species have been introduced into transgenic plants to degrade PCBs (Aken et al., 358 
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2010; Shimazu et al., 2011). Dechlorination-enhanced mutants are a prospective tool for cleaning 359 

dioxin-like PCBs in contaminated environments.  360 
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Table 1 Kinetic parameters of rat and human CYP1A1s for hydroxylation and dechlorination 382 

of 3,3′,4,4′-tetrachlorobiphenyl (CB77).  383 

CYP1A1 
4′-OH-3,3′,4,5′-Tetrachlorobiphenyl  4′-OH-3,3′,4-Trichlorobiphenyl 

Km
1 Vmax

2 Vmax / Km  Km Vmax Vmax / Km 

Rat 10.3 1590 153  3.60 9.66 2.68 

Human    7.74       7.54      0.975  ND3 ND - 

1 μM; 2 pmol/min/(nmol P450); 3 not detected.  384 

 385 

Table 2 Kinetic parameters of rat CYP1A1 and its mutant for hydroxylation and 386 

dechlorination of 3,3′,4,4′-tetrachlorobiphenyl (CB77). 387 

Rat 

CYP1A1 

4′-OH-3,3′,4,5′-Tetrachlorobiphenyl  4′-OH-3,3′,4-Trichlorobiphenyl 

Km
1 Vmax

2 Vmax / Km  Km Vmax Vmax / Km 

WT   7.47 830   111  53.4 238  4.46 

Mutant 4.99 375    75.2       2.18   38.5 17.6 

1 μM; 2 pmol/min/(nmol P450) 388 

 389 

  390 
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